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Figure 1 | Overview of a ChIP–seq experiment. Using chromatin immunoprecipitation 

(ChIP) followed by massively parallel sequencing, the specific DNA sites that interact 

with transcription factors or other chromatin-associated proteins (non-histone ChIP) 

and sites that correspond to modified nucleosomes (histone ChIP) can be profiled. The 

ChIP process enriches the crosslinked proteins or modified nucleosomes of interest 

using an antibody specific to the protein or the histone modification. Purified DNA can 

be sequenced on any of the next-generation platforms12. The basic concepts are similar 

for different platforms: common adaptors are ligated to the ChIP DNA and clonally 

clustered amplicons are generated. The sequencing step involves the enzyme-driven 

extension of all templates in parallel. After each extension, the fluorescent labels that 

have been incorporated are detected through high-resolution imaging. On the 

Illumina Solexa Genome Analyzer (bottom left), clusters of clonal sequences are 

generated by bridge PCR, and sequencing is performed by sequencing-by-synthesis. 

On the Roche 454 and Applied Biosystems (ABI) SOLiD platforms (bottom middle), 

clonal sequencing features are generated by emulsion PCR and amplicons are 

captured on the surface of micrometre-scale beads. Beads with amplicons are then 

recovered and immobilized to a planar substrate to be sequenced by pyrosequencing 

(for the 454 platform) or by DNA ligase-driven synthesis (for the SOLiD platform). On 

single-molecule sequencing platforms such as the HeliScope by Helicos (bottom right), 

fluorescent nucleotides incorporated into templates can be imaged at the level of 

single molecules, which makes clonal amplification unnecessary.

Heterochromatin

A region of highly compact 

chromatin. Constitutive 

heterochromatin is largely 

composed of repetitive DNA.

ChIP–seq the genome coverage is not limited by the rep-

ertoire of probe sequences fixed on the array. This is par-

ticularly important for the analysis of repetitive regions 

of the genome, which are typically masked out on arrays. 

Studies involving heterochromatin or microsatellites, for 

instance, can be done much more effectively by ChIP–seq.  

Sequence variations within repeat elements can be 

captured by sequencing and used to map reads to the 

genome; unique sequences that flank repeats are also 

helpful in aligning the reads to the genome. For exam-

ple, only 48% of the human genome is non-repetitive, but 

80% is mappable with 30 bp reads and 89% is mappable 

with 70 bp reads38.

Al l profi l ing technologies produce unwanted  

artefacts, and ChIP–seq is no exception. Although 

sequencing errors have been reduced substantially as 

the technology has improved, they are still present, 

especially towards the end of each read. This problem 

can be ameliorated by improvements in alignment algo-

rithms (see below) and computational analysis. There is 

also bias towards GC-rich content in fragment selection, 

both in library preparation and in amplification before 

and during sequencing14,39, although notable improve-

ments have been made recently. In addition, when an 

insufficient number of reads is generated, there is loss of 

sensitivity or specificity in detection of enriched regions. 

There are also technical issues in performing the experi-

ment, such as loading the correct amount of sample: too 

little sample will result in too few tags; too much sample 

will result in fluorescent labels that are too close to one 

another, and therefore lower quality data.

However, the main disadvantage with ChIP–seq 

is its current cost and availability. Several groups have 

successfully developed and applied their own proto-

cols for library construction, which has lowered that 

cost substantially. But the overall cost of ChIP–seq, 

which includes machine depreciation and reagent cost, 

will have to be lowered further for it to be comparable 

with the cost of ChIP–chip in every case. For high- 

resolution profiling of an entire large genome, ChIP–seq 

is already less expensive than ChIP–chip, but depend-

ing on the genome size and the depth of sequencing 

needed, a ChIP–chip experiment on carefully selected 

regions using a customized microarray may yield as 

much biological understanding. The recent decrease in 

sequencing cost per base pair has not affected ChIP–seq 

as substantially as other applications, as the decrease 

has come as much from increased read lengths as 

from the number of sequenced fragments. The gain in  

the fraction of reads that can be uniquely aligned to the 

genome decreases noticeably after ~25–35 bp and is 

marginal beyond 70–100 nucleotides40. However, as the 

cost of sequencing continues to decline and institutional 

support for sequencing platforms continues to grow,  

ChIP–seq is likely to become the method of choice for 

nearly all ChIP experiments in the near future.

Issues in experimental design

Antibody quality. The value of any ChIP data, includ-

ing ChIP–seq data, depends crucially on the quality of 

the antibody used. A sensitive and specific antibody will 

give a high level of enrichment compared with the back-

ground, which makes it easier to detect binding events. 

Many antibodies are commercially available, and some 

are noted as ChIP grade, but the quality of different anti-

bodies is highly variable and can also vary among batches 

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 10 | OCTOBER 2009 | 671

DNA bound by histones and transcription factors

Nature Reviews | Genetics

Illumina
Sequencing 
with reversible 
terminators

Helicos
Single-molecule
sequencing 
with reversible 
terminators

ABI
Sequencing 
by ligation

Sequence reads

Roche
Pyrosequencing

End repair and 
adaptor ligation

Non-histone ChIP

PolyA tailing

Histone ChIP

Sample fragmentation
Immunoprecipitation

DNA purification

Cluster 
generation
(bridge PCR)

Amplification 
on beads 
(emulsion PCR)

Figure 1 | Overview of a ChIP–seq experiment. Using chromatin immunoprecipitation 

(ChIP) followed by massively parallel sequencing, the specific DNA sites that interact 

with transcription factors or other chromatin-associated proteins (non-histone ChIP) 

and sites that correspond to modified nucleosomes (histone ChIP) can be profiled. The 

ChIP process enriches the crosslinked proteins or modified nucleosomes of interest 

using an antibody specific to the protein or the histone modification. Purified DNA can 

be sequenced on any of the next-generation platforms12. The basic concepts are similar 

for different platforms: common adaptors are ligated to the ChIP DNA and clonally 

clustered amplicons are generated. The sequencing step involves the enzyme-driven 

extension of all templates in parallel. After each extension, the fluorescent labels that 

have been incorporated are detected through high-resolution imaging. On the 

Illumina Solexa Genome Analyzer (bottom left), clusters of clonal sequences are 

generated by bridge PCR, and sequencing is performed by sequencing-by-synthesis. 

On the Roche 454 and Applied Biosystems (ABI) SOLiD platforms (bottom middle), 

clonal sequencing features are generated by emulsion PCR and amplicons are 

captured on the surface of micrometre-scale beads. Beads with amplicons are then 

recovered and immobilized to a planar substrate to be sequenced by pyrosequencing 

(for the 454 platform) or by DNA ligase-driven synthesis (for the SOLiD platform). On 

single-molecule sequencing platforms such as the HeliScope by Helicos (bottom right), 

fluorescent nucleotides incorporated into templates can be imaged at the level of 

single molecules, which makes clonal amplification unnecessary.
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cost of sequencing continues to decline and institutional 

support for sequencing platforms continues to grow,  

ChIP–seq is likely to become the method of choice for 

nearly all ChIP experiments in the near future.
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Antibody quality. The value of any ChIP data, includ-

ing ChIP–seq data, depends crucially on the quality of 

the antibody used. A sensitive and specific antibody will 

give a high level of enrichment compared with the back-

ground, which makes it easier to detect binding events. 
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are noted as ChIP grade, but the quality of different anti-
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Figure 1 | Overview of a ChIP–seq experiment. Using chromatin immunoprecipitation 

(ChIP) followed by massively parallel sequencing, the specific DNA sites that interact 

with transcription factors or other chromatin-associated proteins (non-histone ChIP) 

and sites that correspond to modified nucleosomes (histone ChIP) can be profiled. The 

ChIP process enriches the crosslinked proteins or modified nucleosomes of interest 

using an antibody specific to the protein or the histone modification. Purified DNA can 

be sequenced on any of the next-generation platforms12. The basic concepts are similar 

for different platforms: common adaptors are ligated to the ChIP DNA and clonally 

clustered amplicons are generated. The sequencing step involves the enzyme-driven 

extension of all templates in parallel. After each extension, the fluorescent labels that 

have been incorporated are detected through high-resolution imaging. On the 

Illumina Solexa Genome Analyzer (bottom left), clusters of clonal sequences are 

generated by bridge PCR, and sequencing is performed by sequencing-by-synthesis. 

On the Roche 454 and Applied Biosystems (ABI) SOLiD platforms (bottom middle), 

clonal sequencing features are generated by emulsion PCR and amplicons are 

captured on the surface of micrometre-scale beads. Beads with amplicons are then 

recovered and immobilized to a planar substrate to be sequenced by pyrosequencing 

(for the 454 platform) or by DNA ligase-driven synthesis (for the SOLiD platform). On 

single-molecule sequencing platforms such as the HeliScope by Helicos (bottom right), 

fluorescent nucleotides incorporated into templates can be imaged at the level of 

single molecules, which makes clonal amplification unnecessary.
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is its current cost and availability. Several groups have 

successfully developed and applied their own proto-

cols for library construction, which has lowered that 

cost substantially. But the overall cost of ChIP–seq, 

which includes machine depreciation and reagent cost, 

will have to be lowered further for it to be comparable 

with the cost of ChIP–chip in every case. For high- 

resolution profiling of an entire large genome, ChIP–seq 

is already less expensive than ChIP–chip, but depend-

ing on the genome size and the depth of sequencing 

needed, a ChIP–chip experiment on carefully selected 

regions using a customized microarray may yield as 

much biological understanding. The recent decrease in 

sequencing cost per base pair has not affected ChIP–seq 

as substantially as other applications, as the decrease 

has come as much from increased read lengths as 

from the number of sequenced fragments. The gain in  

the fraction of reads that can be uniquely aligned to the 

genome decreases noticeably after ~25–35 bp and is 

marginal beyond 70–100 nucleotides40. However, as the 

cost of sequencing continues to decline and institutional 

support for sequencing platforms continues to grow,  

ChIP–seq is likely to become the method of choice for 

nearly all ChIP experiments in the near future.

Issues in experimental design

Antibody quality. The value of any ChIP data, includ-

ing ChIP–seq data, depends crucially on the quality of 

the antibody used. A sensitive and specific antibody will 

give a high level of enrichment compared with the back-

ground, which makes it easier to detect binding events. 

Many antibodies are commercially available, and some 

are noted as ChIP grade, but the quality of different anti-

bodies is highly variable and can also vary among batches 
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CHIP-seq Data

Basic interpretation:
Signal map to represents binding profile of protein to DNA (or 

antibody to histone-specific modification)
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Figure 2 | ChIP profiles. a | Examples of the profiles generated by chromatin immunopre-

cipitation followed by sequencing (ChIP–seq) or by microarray (ChIP–chip). Shown is a 

section of the binding profiles of the chromodomain protein Chromator, as measured  

by ChIP–chip (unlogged intensity ratio; blue) and ChIP–seq (tag density; red) in the 

Drosophila melanogaster S2 cell line. The tag density profile obtained by ChIP–seq 

reveals specific positions of Chromator binding with higher spatial resolution and 

sensitivity. The ChIP–seq input DNA (control experiment) tag density is shown in grey for 

comparison. b | Examples of different types of ChIP–seq tag density profiles in human T 

cells. Profiles for different types of proteins and histone marks can have different types of 

features, such as: sharp binding sites, as shown for the insulator binding protein CTCF 

(CCCTC-binding factor; red); a mixture of shapes, as shown for RNA polymerase II 

(orange), which has a sharp peak followed by a broad region of enrichment; medium size 

broad peaks, as shown for histone H3 trimethylated at lysine 36 (H3K36me3; green), 

which is associated with transcription elongation over the gene; or large domains, as 

shown for histone H3 trimethylated at lysine 27 (H3K27me3; blue), which is a repressive 

mark that is indicative of Polycomb-mediated silencing. BPIL2, bactericidal/permeability-

increasing protein-like 2; FBXO7, F box only 7; NPC1, Niemann-Pick disease, type C1; 

Pros35, proteasome 35 kDa subunit; SYN3, synapsin III. Data for part b are from REF. 25.

also informative, as this ratio corresponds to the fraction 

of nucleosomes with the particular modification at that 

location, averaged over all the cells assayed.

One of the difficulties in conducting a ChIP–seq con-

trol experiment is the large amount of sequencing that 

may be necessary. For input DNA and bulk nucleosomes, 

many of the sequenced tags are spread evenly across the  

genome. To obtain accurate estimates throughout  

the genome, sufficient numbers of tags are needed at 

each point; otherwise fold enrichment at the peaks will 

result in large errors due to sampling bias. Therefore, the 

total number of tags to be sequenced is potentially very 

large. Alternatively, it is possible to avoid sequencing a 

control sample if one is only interested in differential 

binding patterns between conditions or time points and 

if the variation in chromatin preparations is small.

Depth of sequencing. One crucial difference between 

ChIP–chip and ChIP–seq is that the number of tiling 

arrays that is used in a ChIP–chip experiment is fixed 

regardless of the protein or modification of interest, 

whereas the number of fragments that is sequenced in 

a ChIP–seq experiment is determined by the investiga-

tor. In published ChIP–seq experiments, a single lane 

of the Illumina Genome Analyzer was the basic unit of 

sequencing. When it was introduced, a single lane gen-

erated 4–6 million reads before alignment but, owing to 

improvements in the system, a single lane now gener-

ates 8–15 million reads or more. Given the cost of each 

experiment, many early data sets contained reads from 

a single lane regardless of what the specific experiment 

was. Intuitively, one expects that when a large number 

of binding sites are present in the genome for a DNA-

binding protein or when a histone modification covers 

a large fraction of the genome, a correspondingly large 

number of tags will be needed to cover each bound 

region at the same tag density. One reasonable crite-

rion for determining sufficient sequencing depth would 

be that the results of a given analysis do not change 

when more reads are obtained. In terms of the number  

of binding sites, this criterion translates to the presence of  

a ‘saturation point’ after which no further binding sites 

are discovered with additional reads.

The issue of saturation points has been examined 

in a recent paper through simulation studies48. In three 

example data sets, a reference set of sites was generated 

based on the full set of sequencing reads in each case. 

Then, a wide range of different read counts was sampled 

from the complete data set, with multiple random selec-

tions for each sample size. Binding sites were determined 

for each sample with a threshold probability (p value), 

and the results for each sample size were averaged. The 

fraction of the reference set that was recovered as a func-

tion of the number of reads is shown in FIG. 3A. If there 

was a saturation point, the number of sites found would 

increase up to a certain point and then plateau, which 

would indicate that the rate at which new sites were 

being discovered had slowed down to the point where 

any further increase in the number of reads would be 

inefficient at yielding new sites. When the simulation 

was performed, however, the results indicated that 
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Histone H3K27ac ChIP-Seq with Ocean NanoTech’s Protein-G Beads
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H3K27ac ChIP-Seq track showing regions of chromosome 19.  Chromatin from cross-linked and sonicated GM12878 lymphoblastoid cells was used 
in chromatin immunoprecipitation reactions with antibody specific for histone H3, acetylated lysine 27.  Ocean NanoTech’s HiSur Protein G Beads 
(HPG1000) and MonoMag Protein G Beads (MPG1000) were used to isolate chromatin-antibody complexes, associated DNA was purified and used 
in Swift 2S Library Prep followed by sequencing.  Peaks indicating sites of H3K27ac enrichment obtained with both bead types are shown for a 3700 
kb stretch of chr19.



GM12878 lymphoblastoid = B cell line
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H3K27ac ChIP-Seq track showing genomic enrichment for the  B cell receptor protein CD79α.  Chromatin from cross-linked and sonicated GM12878 
lymphoblastoid cells was used in chromatin immunoprecipitation reactions with antibody specific for histone H3, acetylated lysine 27.  Ocean 
NanoTech’s HiSur Protein G Beads (HPG1000) and MonoMag Protein G Beads (MPG1000) were used to isolate chromatin-antibody complexes, 
associated DNA was purified and used in Swift 2S Library Prep followed by sequencing.  Enrichment of H3K27ac at the CD79α promoter is consistent 
with the fact that GM12878 is a B cell line and therefore should exhibit significant CD79α expression.  
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H3K27ac ChIP-Seq track showing genomic enrichment for the  B cell co-stimulatory molecule CD40.  Chromatin from cross-linked and sonicated 
GM12878 lymphoblastoid cells was used in chromatin immunoprecipitation reactions with antibody specific for histone H3, acetylated lysine 27. 
Ocean NanoTech’s HiSur Protein G Beads (HPG1000) and MonoMag Protein G Beads (MPG1000) were used to isolate chromatin-antibody 
complexes, associated DNA was purified and used in Swift 2S Library Prep followed by sequencing.  Enrichment of H3K27ac at the CD40 promoter & 
gene body is consistent with the fact that GM12878 is a B cell line, as an antigen presenting cell, should exhibit significant CD40 expression.  


